T he "Glagov phenomenon" refers to the observation that in the early stages of atherosclerosis, coronary arteries enlarge in relation to plaque area to preserve lumen until plaque area occupies Ն40% of vessel area. 1 Recent clinical data demonstrate that regions of low shear stress develop progressive atherosclerosis as measured by increased intimamedia thickening (IMT) and outward remodeling of coronary arteries. 2, 3 More importantly, IMT is associated with an increased risk of heart disease and stroke 4 and has a strong genetic correlation. 5 In a complete ligation and flow cessation mouse model, 6 the roles of 15 genes in vascular remodeling have been studied in genetically altered mice (endothelial, inducible, and neuronal nitric oxide synthase; vimentin; P-selectin; osteopontin; dystrophin; steroid receptor coactivator-3; endothelin-B; p130; plasminogen; tissue and urokinase plasminogen activator; plasminogen activator inhibitor type 1; and matrix metalloproteinase 9 [see Data Supplement for references]). Lumen narrowing in this model of vascular remodeling is genetically controlled, as measured in inbred mouse strains. 7 Unfortunately, the physiological relevance of this model to human cardiovascular disease is uncertain. We recently developed a partial ligation model (with maintenance of blood flow [BF] ) of vascular remodeling with IMT. 8 The purpose of this study was to provide the basis for a genetic analysis of vascular remodeling that has relevance to human diseases, such as carotid IMT and coronary atherosclerosis. We used 5 inbred mouse strains to evaluate mechanisms of outward remodeling and IMT.
Methods
Male and female C3H/HeJ (C3H), DBA/2J (DBA), C57Bl/6J (C57), FVB/NJ (FVB), and SJL/J (SJL) mice (8 weeks old, Jackson Laboratories, Bar Harbor, Me) were used in accordance with the guidelines of the National Institutes of Health and American Heart Association for the care and use of laboratory animals. All procedures were approved by the University of Rochester Animal Care Committee.
Mice were anesthetized with a mixture of ketamine and xylazine and maintained at 37°C as described previously. 8 BF in the left common carotid artery (LCA) was reduced by partial ligation of the left external and internal carotid arterial branches. The branches of the left carotid artery were exposed but not ligated (sham operation). The animals were allowed to recover and housed individually under specific pathogen-free conditions with a 12/12-hour light/dark cycle.
Two groups of ligated or sham-operated animals of each strain were processed for morphological studies at 14 days after the surgery. Systolic blood pressure (SBP) and heart rate (HR) were measured by tail-cuff plethysmography (Visitech System). In separate experiments, the BF was measured on both carotids by use of an ultrasonic transit-time volume flowmeter (Transonic Systems, Inc) before and at termination. 8 Animals were perfusion-fixed with 10% paraformaldehyde as described previously. 9 The carotids were harvested and embedded in paraffin, and cross sections (4 m) were made as described previously. 8 Sections were stained with hematoxylin and eosin and analyzed by use of MCID image software (Imaging Research Inc). The lumen circumference was used to calculate lumen area. Vessel compartments volumes were calculated as described previously. 8 Both sexes were used, because no sex differences were noted for any strain (Data Supplement Table 1s ). Shear stress was calculated as described elsewhere. 10 All results are reported as meanϮSEM. Statistical tests were performed with StatView for MacIntosh, version 5.0.1, or MS Excel (regression statistics). Differences between groups were analyzed by means of a repeated-measures 1-way ANOVA followed by a Fisher's post hoc test. A level of PϽ0.05 was regarded as significant.
Results

Physiological and Hemodynamic Characteristics
Male mice were significantly heavier (Ϸ3 g) than females among inbred strains. FVB mice were slightly heavier than other mouse strains at the age of 9 weeks (Data Supplement  Table 2s ). Ligated animals gained weight similar to their sham controls 2 weeks after ligation, except for C3H mice (Ϸ5% difference, Data Supplement Table 2s ). Initial levels of SBP differed among mouse strains ( Figure 1A ). C3H and SJL mice had relatively low SBP (Ϸ120 mm Hg), whereas C57, DBA, and FVB had significantly higher SBP (Ϸ130 mm Hg, Figure 1A ). There were no significant changes in SBP among inbred mice after ligation compared with shams (data not shown). There were significant differences (Ϸ100 bpm) in HR across inbred strains ( Figure 1B ), in the following order: C3HϷC57ϽDBAϽSJLϽFVB. The changes in HR among inbred mice after ligation did not differ compared with shams (data not shown).
The initial level of BF (0.5 mL/min) did not differ among inbred strains or between LCA and right carotid artery (RCA) (data not shown). Significant changes were observed in all strains 2 weeks after ligation compared with shams (Table) . In response to partial ligation, BF decreased similarly for all strains in the LCA (Ϸ80% decrease, Table) . The level of BF decrease was similar to that reported by our laboratory in mice (baseline, 0.5 mL/min) 8 and rats (baseline, 2.5 mL/min) 11, 12 in the same model. After ligation, BF increased significantly in the RCA (Ϸ60% increase, Table) . The BF changes were not statistically significant among inbred strains, although SJL trended to be less (Pϭ0.07) compared with C57 in the RCA (Table) . In the RCA, the increase in BF after ligation was Ϸ15% bigger than in rats. 12 
Strain-Dependent Flow-Stimulated Vascular Remodeling
Altered BF in the LCA and RCA resulted in dramatic vascular remodeling, with maximal responses at 2 weeks after ligation (Korshunov and Berk, unpublished data; and Reference 8). To determine genetic effects on vascular remodeling, we examined the responses to partial ligation in 5 inbred strains of mice.
Lumen
There were small variations in lumen areas along carotid length because of the carotid dividing into branches (Data Supplement Figure 1s ; compare areas at 200 versus 400 m from bifurcation). Areas were used for calculation of the lumen volumes ( Figure 2 , A and B), as described elsewhere. 8 In contrast to partial ligation in rats 12 or complete ligation in 
Changes of Blood Flow and Shear Stress After Ligation Among Inbred Mice Strains
All data are presented as meanϮSEM. *PϽ0.05 vs C3H (ANOVA). RCA shear stress did not differ from shams for other strains. Note wide variation in RCA shear stress, in part because of dependence on radius 4 and technical difficulty of measuring flow accurately in mouse carotid. mice, 7 the 80% decrease in BF in the LCA of the inbred mice resulted in a variety of responses: lumen volume decreased significantly in C3H, had a trend to be smaller (Pϭ0.08) in SJL, did not change in C57, and increased significantly in DBA and FVB mice compared with their shams (Figure 2A ). There was a significant increase in the RCA lumen volume after ligation in C57 and FVB mice ( Figure 2B ). Other strains (C3H, DBA, and SJL) exhibited a tendency to increase RCA lumen compared with shams ( Figure 2B ). Because C3H shams had significantly bigger lumens compared with other strains, we calculated the ratio of RCA lumen volume to LCA lumen volume (Data Supplement Figure 2s ). Among shams, there were no significant differences; the ratio was Ϸ1 (RCAϭLCAϭ1.0, Data Supplement Figure 2s ). After ligation, the RCA/LCA lumen ratios changed in the following order: FVBϷDBA(0.9)ϽC3H(1.3)ϽC57(1.5)ϽSJL(1.8). These data suggest that partial ligation caused the predicted lumen responses (an increase in lumen in high-flow RCA and decrease in low-flow LCA) only in C3H, C57, and SJL mice. 7, 12 Shear Stress Previous data from our laboratory in rats 12 suggest that genetic factors significantly regulate shear stress and vascular remodeling, so we calculated changes in shear stress among inbred strains of mice (Table) . There were no statistically significant differences in shear-stress reduction in the LCA among strains (Ϸ80%). In the RCA, shear stress was not normalized in C3H compared with the other strains (Table) .
Adventitia
A characteristic feature of this model is an increase in LCA adventitia that was observed for all strains except C3H ( Figure 3A and Data Supplement Figure 3s ). There was no increase in the RCA adventitia volume among inbred strains compared with shams ( Figure 3B ). However, adventitia volume in C3H shams was increased compared with the shams of the other strains ( Figure 3, A and B) . Figure 4s) were evaluated for the carotids and used to calculate volumes ( Figure 3 , C and D). The largest media response to ligation was in the LCA and was highly regulated by genetic factors ( Figure 3C ). The biggest response occurred in FVB (Ϸ2.6-fold increase), with increases of 2-fold in C57, DBA, and SJL and no change in C3H compared with shams ( Figure 3C ). There was no increase in the RCA media volume among inbred strains compared with shams ( Figure 3D ). However, RCA media Figure 5s ). In contrast to the complete ligation model in mice, 6 intima formed without a longitudinal gradient relative to the ligation site (Data Supplement Figure  5s ). Intima volume among inbred mouse strains differed by Ϸ30-fold: C3HϷDBAϷC57ϽFVBϽSJL ( Figure 3E ). Determination of intima formation and the ratio of intima to media volume ( Figure 3F ) demonstrated that SJL remodeled largely by intima formation. FVB formed an intima to a smaller extent than SJL but significantly greater than other strains ( Figure 3, E and F) .
Media
Media areas (Data Supplement
External Elastic Lamina
To evaluate outward versus inward vascular remodeling, we analyzed the carotid external elastic lamina (EEL) volumes ( Figure 3, G and H) . The RCA underwent outward remodeling in C57 and FVB, whereas the other strains (C3H, DBA, SJL) exhibited a trend to increase EEL ( Figure 3H ). The outward remodeling in the RCA correlated with lumen volume increase after ligation ( Figure 2B ). Partial ligation did not affect EEL volume in the LCA of C3H and C57 and resulted in significant positive (outward) remodeling in FVB, SJL, and DBA ( Figure 3G ). The maximal response was observed in FVB mice (180ϫ10 
Analysis of Vessel Remodeling Mechanisms
To evaluate possible mechanisms that regulate vessel remodeling, we plotted EEL area against intimaϩmedia area ( Figure 5 ). Among multiple comparisons, significant correlations were found between outward remodeling (increased EEL area) and IMT (increased intimaϩmedia area) after ligation ( Figure 5 , B-E). In C3H mice, no correlation was observed ( Figure 5A ). Despite a significant correlation of EEL with IMT, the slopes differed significantly among C57, DBA, and FVB (these strains were "big responders," with slopes Ͼ1.5, Figure 5 , B-D) compared with SJL and C3H (strains that were "small responders," with slopes Ͻ1.0, Figure 5 , A and E). We summarized these data as a remodeling index ( Figure 5F ), which represents the slope of EEL versus IMT. To show that this was not a "threshold" effect, we also determined the maximal EEL areas (see legend of Figure 5 ). There was no correlation between the maximal EEL area and the remodeling index. For example, DBA mice had the greatest remodeling index (2.21) but one of the smallest maximal EEL areas (100ϫ10 Ϫ3 m 2 ) compared with C57 and FVB mice.
To evaluate whether there was a threshold for lumen remodeling (as observed by Glagov et al 1 ), we plotted lumen area against stenosis as %stenosisϭ(intimaϩmedia area)/(EEL areaϫ100) from all strains in the ligated LCAs ( Figure 6 ). Correlation analysis for all data did not show a relationship between lumen area and %stenosis (not shown; R 2 ϭ0.14, PϾ0.05). However, at %stenosis values Ͻ55%, lumen area remained constant, whereas at %steno-sis Ͼ55%, there was a significant linear decline in lumen area ( Figure 6 ).
Discussion
The major findings of this study are that flow-induced vascular remodeling of the mouse carotid is highly related to the Glagov phenomenon observed in humans and has significant genetic determinants. Specifically, we observed that partial ligation of the LCA to establish a large flow reduction (Ϫ80%) stimulated growth of the intima, media, and adventitia with outward vascular remodeling. Most relevant to the Glagov phenomenon, we observed that IMT correlated significantly with outward remodeling (EEL area) among inbred strains (except C3H mice), similar to data we reported previously. 8 A novel finding was the strong genetic influence on the Glagov phenomenon. Specifically, there were large variations in vascular remodeling in the ligated LCAs among strains: the smallest response in vessel wall compartment volumes was found in C3H mice; moderate changes were noted for C57 and DBA mice, whereas the greatest responses occurred in SJL and FVB mice (Figure 3) . Interestingly, despite a significant correlation of EEL with IMT, there were also significant strain-dependent differences in remodeling index (measured as a correlation slope). The differences in remodeling index among these 5 mouse strains prove that vascular remodeling has strong genetic influences and suggest that fundamental alterations in sensing or transducing hemodynamic signals contribute to these genetic differences. Because shear stress changes did not differ among strains, a primary role for cells in the vessel wall (as opposed to endothelial cells) is suggested for the early stages of vessel remodeling. Among other hemodynamic variables that we measured, HR but not SBP influenced IMT.
The results reported here are remarkably similar to recent studies in human coronaries. Specifically, remodel- ing in native and stented human arteries, measured by intracoronary ultrasound, biplane coronary angiography, and coronary BF, demonstrate that regions of low flow and low shear stress exhibit increased IMT and outward remodeling. 2, 3 To evaluate the magnitude of lumen preservation in our mouse model, an important clinical measure in human atherosclerosis, we plotted lumen area against stenosis. As shown in Figure 6 , we found that the vessel compensated for IMT growth until the %stenosis was Ͼ55%. This transition point at 55% is similar to Glagov's observation, although the transition point for lumen decrease in mice was higher than in humans (Ϸ40%). 1 The higher value in mice may be because of differences in species, artery types (carotid versus coronary), and other factors.
It is important to note that the present model also results in remodeling of the RCA and therefore provides insight into remodeling associated with high flow and high (initial) shear stress. As expected, the RCA underwent outward remodeling in response to increased shear stress (Table) with increased lumen volume (Figure 2) . 13 There was adequate RCA outward remodeling to normalize shear stress in all strains except C3H. Of clinical relevance, high shear stress was not associated with IMT, consistent with the concept that high shear stress is atheroprotective, as shown for human coronary arteries. 2 Genetic factors appeared to play a small role in the response to high shear stress, because there were no significant differences in the RCA among inbred mouse strains.
We believe that our model represents a significant advance over previous animal models used to study vascular remodeling. First, significant IMT occurred in 4 of 5 mouse strains in response to low flow, whereas there was no IMT formation in partially ligated low-flow carotids of rats or rabbits. 7, 12 Second, the present model has important advantages compared with the complete carotid ligation model in mice. 7 The absence of thrombosis and maintenance of low flow are the major differences of the present model compared with the complete ligation model. 6 Thrombus formation in the complete ligation model is a much more complex process, with many factors (thrombin, tissue factor, platelets, and white blood cells) present that may affect neointima formation. In addition, the presence of low flow in our model is more representative of the hemodynamic environment in human coronaries associated with IMT and remodeling. The partial ligation model also mimics the Glagov phenomenon much better, with both IMT and outward remodeling. Third, in the present model, there is also vascular remodeling in the high-flow RCA. We believe that the genes and cellular processes responsible for remodeling in response to high flow differ from those of low flow, 12 making this model particularly versatile.
We identified 3 factors that influence vascular remodeling in the present study: genes (strain), shear stress, and HR. It has been shown previously in rats 12 and mice 7 that the genetic background is a critical determinant of remodeling, with unique responses among inbred strains. In the present study, there was a strong correlation between outward remodeling and IMT formation in the carotid: strains with very large outward remodeling (SJL and FVB) had the largest IMT. A similar correlation was reported previously in the complete carotid ligation model in hypercholesterolemic apolipoprotein E-knockout mice. 14 However, even among the large remodelers, SJL mice remodeled primarily by increased intima formation, whereas FVB mice remodeled primarily by increased media. We also observed large differences between these 2 strains in remodeling index, consistent with a limitation of outward remodeling in SJL mice compared with FVB. Shear stress was an important determinant of remodeling in the RCA, although there was no genetic component, on the basis of similar responses among the 5 strains. HR but not SBP correlated significantly with remodeling. HR was shown previously to correlate with IMT in experimental 15, 16 and clinical 17 studies. A strong relationship between HR-corrected QT interval and IMT was found in humans with early atherosclerotic disease. 17 Of interest, reducing HR (by sinoatrial node ablation) in cynomolgus monkeys decreased plaque burden in coronary 15 and carotid 16 arteries. BP, especially pulse pressure, is also known to affect carotid IMT. 18 The basal level of SBP was not associated with the magnitude of IMT in inbred mice in this study. Because BP is more difficult to measure than HR, the lack of association with BP could be because of technical problems. However, we believe that our BP measurements (tail-cuff) are reliable, on the basis of several reports that used direct hemodynamic measurements in C3H, 19 C57, and FVB, 20 in which HR and BP values were similar to those reported here.
The changes in the low-flow LCA resemble human carotid artery IMT, which is associated with an increased risk of heart disease and stroke. 4 It is well known that genetic factors are important for cardiovascular diseases. 21 Approximately 40% of the variability in the carotid IMT was shown recently to be dependent on family history. 5 To date, association studies of polymorphisms and IMT have not yielded strong candidate genes. 21, 22 Therefore, we propose that future experiments using QTL analysis of a cross involving strains in the present study (ligated C3HϫSJL or C3HϫFVB) will be useful to elucidate genetic mechanisms of outward remodeling and IMT in response to flow reduction. Because of the strong association of carotid IMT with cardiovascular events, these genetic mechanisms may provide important insights into atherogenesis and the pathogenesis of coronary artery disease. For each strain ~6 males and 6 females were studied. All data are mean ± SEM. There were no significant sex-differences in all strains. For each strain ~6 males and 6 females were studied. All data are mean ± SEM. *, p<0.05 compared with females. Mice were 9 weeks old.
